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Abstract

A lightweight, rugged, high-spectral-resolution interferometer has been built by Designs and

Prototypes based on a set of specifications provided by tile Jet Propulsion Laboratory and Dr. J.

W. Salisbury (Johns Ilopkins University). The instrument, the micro Fourier Transform

Interferometer (p FT]f<),  permits the acquisition of infrared spectra of natural surfaces. Such data

can be used to validate low ml high spectral resolution data acquired remotely from aircraft and

spacecraft in the 3-5 p m and 8-14 p m atmospheric windows. The instrument has a spectral

resolution of -6 wavenumbers,  weighs  16 kg including batteries and computer, and can be

operated easily by two people in the field. Laboratory analysis indicates the instrument is

spectrally calibrated to better than 1 wavenumber  and the radiometric  accuracy is < 0.5K if the

radiances from the blackbodies  used for calibration bracket the radiance from the sample. Several

examples of field spectra are provided for a variety of rock types, minerals and vegetation.

1. introduction

Numerous studies have successfully demonstrotcci  the use of spaceborne remotely senseci thermal

1



infrared radiance data in a wide variety of disciplines such m ecology,  ~uco]ogy  ml hydrology.

Some of these studies have utilized data from the Advmed Very IIigh Rcso]ution  Radiometer

(AV}IRR) and Along Track Scanning Radiometer (ATSR). Roth of these instruments have two

channels in the thermal infrared. Data from airborne radiometers wit]] many channels in the

thermal infrared have also been available for several years, e.g. the “1’hcrmal  Infrared Mdtispectral

Scanner (TIMS) and the Moderate Resolution imaging S]]ectrometer  (h40DIS) airborne

simulator (MAS). However, these aircraft data are only available for a limited number of sites

with a modest range of cover types, primarily dut. to acquisition costs and limited access. In

new future, data with similar spectral and coarser spatial ] eso]utions  as the TIMS and MAS

be available globally from two inm~ing  instruments: h40111S  and tile Advanced Spaceborne

the

will

Thermal Emission and Reflectance Radiometer (ASTER) on board tl]e llarth  Observing System

Ah4 Platforln  to be launched in 1998. ]n order to validate fully the results from the analysis of

data acquired by these instruments it will be necessary to measure the radiance from the surface at

even higher spectral resolutions with field instruments. Field measuremcn~s  avoid disturbance of

the natural setting which occurs when samples arc transported to the laboratory. The continued

need for ill si(u validation has led to the development of a few portable spectrometers.

One early instrument, developed at the Jet Propulsion Lal)oratory,  was [he Portable Field

Emission Spectrometer (PFES). This instrument operated between 5 and 14.5 pm, had a spectral

resolution of -2$Z0 of the wavelength, weighed 30 kg and required o two-or three-person team for

field operation (Eloover  and Kahle, 1987). Recen[ly,  a replacement to Lll:lt  instrument has been

developed by Designs and Prototypes (Tul]och,  1994) based on a set of specifications provided by
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the Jet l’repulsion Laboratory and Dr. J. W. Salisbury  (Salisbury,  1990; Korb et al., s11b)7)iftd).

l’he new instrument termed the micro Fourier Transform 1 nterferometer  (p FTIR) operates

between 2 and 14 pm, has a spectral resolution of 6 wave numbers (wn), weighs 16 kg and ideally

requires two people for field operation, although it is possible for an individual to operate the

instrument.

A prototype version of the instrument was delivered to the Jet D opulsion 1,aboratory in April,

1992 and has been periodically modified based on the res[llts of field tests. ‘l-he instrument is now

considered operational. The p FTIR hardware and its operation are described below together wit]]

an evaluation of the cliometric and spectral calibration of the instrulncntl Example spectra for a

variety of surface materials are also presented. Note that although the instrument operates in both

the 3-5 pm and 7-14 pm regions, this study only evaluates data from the 7-14 pm region where

the mojority of instruments, both airborne and spaceborne, currently have several channels or will

have in the near future.

11. instrument lkscriptim

The p FI’lR consists of two main components: a tripod- mountecl  optical head and a system unit

set in a aluminium  briefcase. (Figure 1). The optical head weighs 4.1 kg, and includes the

interferometer, cletector/dewar  assembly and the optics for measurin~  ad observing the surface.

l’he interferometer consists of a refractively scanned cavity driven by n mass-balanced torque

motor. The refractively scanned crystals of the interferometer arc made c)f ]’otassium Chloride

(KC]) and sealccl  under nitrogen pressure. There are two il~ter-clli~l~gc:~l)le  detector/dewar
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assemblies, a[l]l]ditllll Alltil]lol]ide  (I1lSb) assemb]yforthc  2-5 }ll]lregic~ll:~  lld Mercllry Cadlllitlll~

Telluricie (I IgCdTe)  assembly fort he5to  14~[t~l  regiotl. }lotl]detect[)rs  a1'elic]t]id-1litrogei~

cooled. The IIgC(lTe  detector is doped  in order to increase its sensitivity at longer wavelengths.

2’IIc viewing optics are made from Zinc Selenicie  and the detector lens focal length is 2.5 cm. The

image  of the surface may be alternately projected onto tlw detectc)r or onto an aiming eyepiece.

The optical head is tripod-mounted; if the entrance aperture is 1 m above the surfdce the imaged

area should be 7.6 cm in diameter, however, Korb et d. s[(bmitied found the infrared imaged  area

to be about twice as large as the 7.6 cm in diameter speciiied  by the manufacturer. The

temperature of the optical head is maintained by a theme-electric cooler. “1’he  set point for the

thermoelectric cooler is 250 C; however, the equilib]4ium  point will be slightly higher or lower

depending oll”the ambient  temperature. Data acquired by the instrument m radiometrically

calibrated with tl~e aid of a small temperature controlled l)lackbody which lllounts  on the front

the fore-optics. Calibration requires measurement of the I]lackbody at il minimum of two

temperatures in order to determine the gain and offset. Sl)ectra] calibration is achieved using a

diode laser.

of

The system unit, excluding the laptop  computer, weights 6.4 kg and contains three main boards: a

scan-servo and housekeeping board, an amloguc-to-ciigi  tal board ard a (iigital  signal-processor

board. ‘1’he interfcmgram is converted to a spectrum in the system unit and send out to the laptop

computer via an expansion bus. There are severid tempel itture sensors in the optical head for

monitoring purposes. ?’he output from these sensors are displayed on I. Cl] panels mounted on the

system unit. The system unit is also used to set the temperature of the b]dbody.  The system is
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conncctcd  bytlmecables:  tlvsbattery-to-sy stemu nit cablt;, thesystcmtlnit  to opticfil  head cable

and the system unit to blackbcdy  cable (Figure 1). The enlire system (excluding the laptop

computer) ispowerd  by:lsitlgle  re-cll:~l.ge:tblc  12 VGel(;elltllat  weigl]s 2.5 kg. Thelaptop

computeris  powerect  byre-cl~:~rge:ible  Nickel  C:~cltllilll~l  t>i~tteriesal~d  weighs 3.2 kg.

Designs and Prototypes includes a MS-DOS sof[~vare package for the acquisition and analysis of

the data. The software allows a set of measurements to bc reduced to emissivity  in neor real-time.

111. Field operation

lhe optical head is maintained at a steady temperature by a thermo-electric  cooler. The tllernlo-

electric cooler can be powered from a vehicle’s cigarette lighter en route to a drop-off point

before hiking to a test site. If the optical head is not cookxl until arrivinp,  at the test site it is

necessary to run the thermo-electric  cooler for approximately 30 minutes to stabilize the

temperature of the optical head. If the optical head is not :~llowed  to st:~bilize  there can be a

significant difference in tile temperature of the head between the time the blackbody

measurements are made and the time test site measurements are made, which will result in poor

calibration (see section IV). At the drop-off point the clewar  is filled with liquid  nitrogen. One

filling of liquid nitrogen lasts ilpproximately  4 hours. h40rt recent versions of the instrument have

an $hour dewar. l;igure 1 illustrates the instrument assel~lblecl  at a test site ready for

measurement. The Gel Cell which powers the instrument ]wovides sufficient charge to make

flpproximte]y  5 measurements at each of -20-30 sites. Tile colnputer  is powered  by Nickel

Chdmium batteries which typically last for about 5 measul ements at c:wh of approximately ten
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sites. The number  of site measurements that can be ]narle with one set of batteries is significantly

smaller if every spectrum is reduced to emissivity  in the field.

l’rior to making a mcasmment,  the brightness tempcratut  e of the surface is obtained  using an

Everest Radiometer. “1’his  temperature is used to determine a suitable pair of blackbdy

temperatures for racliomtric  calibration (see Section IV). The cold blackbody  and hot blackbody

radiances tire then measured. Spectra cm be co-added in order to maximize signal-to-noise; co-

adding 8 spectra produces a spectrum with no obvious noise while mininliz.itlg  acquisition time.

Each spectrum takes about  2-3 seconds to accluire;  however, measure]nent  of the blackbodies

takes longer since the blackbody  must be alternately heattd  and coold to reach the specified

temperatures. After measuring the blackbodies,  the radiai]ce  from the sky is measured by placing a

gold standard in the field of view. The standard has a refkctivity close to one so the majority of

the radiation reaching the instrument has been reilected  flom the sky. If the emissivity of the gold

standard is known, the sky radiation can be adjusted accordingly. Howwvcr, if such an adjustment

is included, the reflectivity of the field gold standard SIIOLI Id be measurui frequently against a

laboratory gold standard for which contminat  ion is mini!  nized to i(icnt  ify any changes in the

gold’s reflectivity. This measurement can be uncicrtaken  using a laboratory interferometer or the

p F-HI<. This correction was applied to the data presente(l  herein. The viewing tube of the fore-

optics can be rotated so it is possible to measure the sky (Iirectly.  ] lou’cwcr,  such a measurement

will be limited to -50 around the 7.enith  whereas the radidtion  from the gold standard has been

integrated for all angles (see Section VI).
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The miiance  from the blackbodics  ml sky are. measured first. and tllcn the mlioncc from the

tal”get islllmsured.  l’lle lllllllbt:r  Oflll~aSllr~lllelltS  [lt :ltilrfet  V:lri~S Llr]l~ll(lillg  Oll itsappmmt

homogeneity, althotlgh  5 ]~~ciislir~ll]ents  ilr~ typically madi:. If the instr~~ment  tc[l]p~r:it~lre  drit’ts by

lllclrc  tll:1110.2  °C~l~ll.il~~ztlle  series clfllle:lsllrellle] -its, tlle[JlackbLJriy  ]lletisll]clllcll[  s:tll(l  sky

lllcasllrelllc~lts  are]e]]cated. Thea mount of drift in the instrument detcl.ll]if]es  tlleacct]l.acJ’  oftlle

recovered radiance (see section IV) , The sky mtx~suremel~t  is also reptwted if the sky “changes,’>

ulthough nlcasurements  are typically made only under neor dear-sky conditions. It typically takes

-20 nlinutes  to Cilliblllte  the instrument, me:lslll’e  the sky rildi:ltiO1l  :Ind mike 5 mmurements at a

site.

IV. Radiome[ric Calibr:ition

Raciiometric c:tlibration is the conversion of the instrumeli( [IN to mti:ince.  lt is achieved by

measuring the blackbmiy at two known temperatures, onu above ond the other  below the s:lmple

temj~crature.  If the output numbers (Dz) are linearly rdatd to the input radiance(  }<1) then for a

given wavelength:
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bkrckbmly  (R,,) is given by:

Rc=/’(k,Tc)

and the radiance  from the hot blackbcrcty  (R,,) by:

f7,1=/’(A,7’,l)

tvhcrc P(Z,T) is the Planck bkrckbody  radiance. ‘1’hen giv(n R,, and A)ii one can solve for u and b

using Equation (1) with the following result:

(2)

(3)

(4)

Clearly equation (1) is sensitive to any non-linearity between (he input radiance and output  clata

numbers. TCJ minimiz,e any non-lincari[y  the blackbody  can be set i]t a [cmperature  slighdy below

and slightly above that of the surface. The blackbdy  pair is typically chosen to be -5° C above

and -50 C below the surface tempcrat  me reported by the F~vercst radiometers. This reslllts in a

good radiometric  calibration of the sample but not of the sky which is ]nuch cooler than the

si]tl]I]le  (Note under clear sky conditions with 10IV humidity the sky tclllpcri]ture  is typically below

-40° C). ‘1’he +/- 50 range may need to bc increasc(i  for N mterials  with a strong emissivity  contrast

such as quartz, wlmt the tmissivity  of the material may [X sufficicl~t  to reduce  the radiance from



the surface below that of a blackbody  5 degrees cooler than the broadband surface tenlpernturc.

Korb et al., (,r[~bmif[e(l,  1996) adopt an altemte  approoc]l of setting the blackbocty  to its

nmximum  and minimum possible  va]Llcs. 7’his approach h:ls been used fol” the demonstration

spectrum of quartz but not for the field spectra. ~’he advantage of nlcas~lring the blackbody  at its

minimum and maximum temperature (these will vary depending on sun-loading) is the minimum

value is closer to the sky temperature (obtained with the yokt standard) thereby reducing any

errors in extrapolation of the calibration values to the sky measuremcn(. The disadvantage of this

approach is it takes lol~ger  than making the measurements slightly abol’e and slightly below the

sample temperature. With either approach the instrument should be re- calibrated if its temperature

drifts by a few tenths of a degree, ideally if the instrument temperature changes at all, The

optimum aproach  in situations where the sky is not rapidly changing would be to first calibrate the

sky measurement using the maximum and minimum settitlgs of the blackbdy  then calibrating the

sample using a set blnckboclies  that closely bracket its temperature. “1’he  sample blackbodies  could

be repeated if the instrument drifted but there would be no need to repeat the sky blackbo(lies

provided the sky had not changed.

Figure 2 shows the raw output  numbers for the cold and hot blackbodim  and a sample of quartz.

Note the double  peak in the raw spectra that results fron] “dopillg” the I lgCdTe  detector to

increase its sensitivity at longer wavelengths. Fipure 3 shows the calibrated quartz spectrum. The

main quartz doublet around 8.5 p m is clearly apparent as is the weaker doublet around 12.5 pm.

The main dotlblet  is strongly affected by atmosphere absorption and is very “noisy” in

appearance. The removal of atmospheric effects is described in Section VI.
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A variety of methods were developed to test the rwdiomet  ric calibration) of the p FTIR. q’he

methods utilize the external blackbocly supplied with the }1 FTIR, henceforth referred to as the

p l+-HI<  blackbody,  and another external b]ackbody  purchased from Electro-Optics  instruments

(1301). ‘1’he EOI b]ackbody  has an absolute accuracy of 0.05 ‘C and can k set to any temperature

+/- 0.01 ‘C. Other specifications for the EOI b]ackbody  ale given  in Table 1.

The first methocl  used to check  the racliometric calibration consisted 01 measuring the energy

from the p F-l-II< b]ackbocty  at two temperatures, then twice measuring tl]e energy from the EO1

blackbocty at each of three temperatures (the two p lVIR b]ackbody  iempcratures  and an

intermediate temperature). “1’his was repeated for several ]~airs  of p 1:1’1  R b]ackbody  temperatures

between 30 and 60 “C. lhe p FTIR blackbody  measurements and EOI blnckbocty  measurements

for a particular blackbody  pair were made within a time period of about 30 minutes. During each

30-minute measurement period the temperature inside the optical heart did not change, according

to readout from the thermistor in the optical head. These  results are summarized in Table 2. They

indicate the smallest error in the recovered temperature is generally associated with the

intermediate temperature with larger errors for the sample measurements that are close to the

temperature of the blackbodies.  The error in the recovered temperature of the intermediflte

measurement ranged between 0.34 and 0.59 “C. This indicates that the blackbody  temperatures

should be chosen such that the blackbody  radiances bracket the radiance range of the surface.

‘1’he second method used to check the radiometric  calibration of the p 1:1’11< consisted of

measuring a single p FV’l R blackbody  pair for calibration, and then me;~suring  the EOI bhtckbody
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for a range of temperatures between 20 and 50° C over a[i exten(ieci  pcrimi of time. During  the

period of measurement the rcporteci  instrument temperature incrcaseci  from 23.30 C to 23.40 C,

then decreased back 23.3 0 C, l’he error in the rmovere(i  EOI Mackbody  temperatures find

instrument temperature were plotteci  as a function of time (Figure 4). I;xamination  of the figure

s~lggests  that achangein  instrument telllper:ltllrc  ofcJlle tclltll  of:ideglccisl  lot strongly

correlated with the error in the recovered temperature an(i that the em] in the recovered

temperature is about  0.5 ‘C even after 60 minutes of intel mittant Op~riltiO1l.

V. Spectral Calibration

Tile spectrum is sampled every 3.13 wavenumbers  (wn) using a laser diode (780 mmomcters).

This results in a spacing between points of 0.011 pm ot 6 pm and 0.080 pm at 16 pm. Unlike the

classic moving mirror Michelson Interferometer, the p H’] R uses a set of crystals that sli(ie past

each other to create the interferogram.  This provides a m(~re compact Ciesign but the wavelength

file must be corrected for dispersion of the crystals. Tile (dispersion correction is based on a

formula derived through a laboratory calibration at Desigl M and Prototypes. l’he laboratory

calibration involves measuring the spectrum of polystyrene which contains  spectral features at

known wavelengths. I;catures  at 3, 8 and 11 pm are used for the spectral calibration. In order to

check the accuracy of the dispersion correction a spectruln  was acquird  from the golci standmi

un(ier clear sky conditions. A mo(iel  sky spectrum, at various resolutions, was then calculated and

the wavelength positions of distinct wtiter-vapor  lines in the mo(iel  s]]ectra compared with those in

the measured spectrum (Figure 5). ‘i’ile  model an(i measured wavelcnsths  of several of the

features are given in Table 3. “1’hese data indicate the error is less than 1 wavenumber. Since a sky
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spectrum is measurecl at every locality this method of using known water vapor lines for spectral

calibration provides a means for continually monitories the spectral calilwation  of the instrument.

It should be noted that the water-vapor features are only \vell  dcvclo]d  in the 8-9 pm region and

tbcrefore our proof of the spectral calibration is only valid in this region since the spectral

calibration is non-linear with wavelength. Furthermore, the misdignmen(  of the second quartz

doublet between the spectrum measured with the Nicolet  laboratory interferometer and the

p FHR (Figure 7) suggests there are spectral calibration problems in tlm p FTIR data at tbe longer

wavelengths. The spectral calibration does not vary over time so when a new correction

procedure is developed it can be applied to any existing cl:lta acq~lired  with tile  instrument.

VI. Atmospheric Correction

The radiance at the instrument (L*) is given by:

where:

CA = Surface emissivity  at wavelength A.

LI,{)A(T) = Spectral radiance from a blackbocly  at surface temperature (T).

L,~Yl  = Spectral radiance incident upon the surface from the atmosphm.

-r~l = Spectral atmospheric transmission,

LI,A = Spectral radiance from atmospheric emission and scattering that reaches the sensor.

(5)
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Since we are C1OSC to the surface the spectral transmission] 1 and spcc[ral  l“ilditlll~e  frolll the

atmospheric tmlission and scattering terms can be ignored. If we tl)ell  assLllne the gold Standmi

im an cmissivity  equal to zero, the radiance measured from the ~olci standard is equal  to tile

spectra] miiance  inci(icnt upon the surface from the atmospi)ere  (L,$k,)j. II) reality the emissivity of

the gold standard my be slightly greater tlm zero ami the radiance from the standard can be

adjusted accordingly. The spectra presented herein were <orrectcci  for the non-z,ero emissivity  of

tile gold standard. “1’ile  cmissivity is {ierivcci  by sLlbtractirl{’,  l.,L,,l  (oixaitd by mcasurin: the gold

standar(i)  from tile measured surface radiance (equation S):

(6)

temperature of tile surface. This is

wavelcn:th range and inverting the

]n order to apply equation (6) it is necessary to know the

obtaine(i by assuming the emissivity  is constant irl a given

Pkrnck  equation for each wavelength in that ran:e. Ideaiiy the tcmpcratmm derived for ail the

~/i~v~]~llgtl]s  W]lere tl~e elllissivity is [lss~lnlcci eq[lill  to 1 .() silolll(i  be id~nti~ill. In reality, there my

be. some difference due to noise in the system or cmissivily  variations witilin tile wavelength

range. Also if the surface is texturtxl  there may be sonle surfi~ce [empmture variations as i~ result

of siladowing.  Generally tile emissivity  is assumed constant in the 7.7-7.8 pm region where

siiicate  minerals typically have their Christianson frequency, an(i where the emissivity is very close

to 1.0. For non-silicate materials this assumption may bc moncous.  For example, this assumption

for i~ ci~~boI](\t~  ~vouki Ix incorrect, the tmissivity  of a carbonate is fairly const:lnt  bllt not e(]lli~] to
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1.0 in this region. In the software provided with the instrument, the maximum temperature within

the range is selected. In the complementary software  clewloped  at the Jet l)ropulsion  Loborntory  a

series of blackbodies  are fitted to the data points between the mwil~~um  and minimum

temperatures for the region and the blackbocly  with the best least-squares tit utilized. All spectra

presented in this paper utilize the software developed at the Jet Propulsion Laboratory. The

ll~axilllLllll-telll]]  er:ltllre  approach is very sensitive to any noise, whereas the least-squares fit

approach is less sensitive to noise but sensitive to any variation in emissivity in tile range where

the emissivity  is assured constant. If the emissivity is cot]stant, known and not equal  to 1.0 the

known constant should be used instead. ]n the case of the corbol~ate  example mentioned above if

the emissivity  is assumed  equal to 1.0 the emissivities  reported for the entire spectrum will be too

high. The apparent emissivity  (which is simply the ratio of the measured reliance to a blackbody

at the same temperature as the surface) using the method outlined above to determine the

temperature for the same sample of quartz, is shc)wn in l:igure 6. The spectrum appears noisy,

particularly the main quartz doublet, clue to atmospheric tffects. The true emissivity utilizing the

method outlined above to remove the reflected atmospheric clownwelling  radiance is shown in

Figure 7 (Field, corrected gold). The atnlospheric  lines within the doublet are now suppressed and

in addition the main doublet is cleeper  due to the removal of the “fillinp  in” effect of the reflected

sky radiance which  adds radiance from the sky in areas where the emissivity is less than 1.0

(Equation 5). “1’he amount  of radiance added  increases as the emissivity decreases. Fortunately the

feature is not colnpletdy  “filled in” since the sky is much colder than the surface and therefore less

radiance is added. Flowever, if the sky were at the same temperature as the surface the feature

woLIld be completely filled in and the spectrum would be that of a blackbody.  This explains why
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samples should be heated when the instrument is used in the laboratory where the surfoce,

ambient air, and radiating surfaces (walls) are all at approximately tbe Mm temperature. Figure 7

also shows the spectrum that is derived for the quartz sm lple wilh the p 1:’1’11<  if there is no

compensation for the non-zero emissivity  of the Sold stamiard (Figure 7 - I:ield,  uncorrected

gold).  The depth of the main quar[z doublet in the Field s]lectrum wi(h correction for the non zero

emissivity  of tbe gold is greater indicating that if this is not taken into account the sky correction

will overcompensate for the reflected sky radiation.

Figure 7 also shows spectrum of the same quartz  sample ] [leasmxt  using our laboratory

interferometer with o hemispherical reflectance attachment. The laboratory reflectance spectrum

was converted to cmissivity using Kirchhoff’s Law (1 -e = R). It is telnpting  to use these spectra

to validate Kirchhoff’s Law (Salisbm”y et al., 1994), Ilowcver, caution should be applied since any

errors in the surface tempemture  derived for the field spectrum, utilizing the method outlined

above, will came the absolute value of the true emissivity spectrum to increase or decrease and

also cause the spectrum to tilt depending on whether the surface temperature has been under-or

over-estimated. ‘1’his comparison also in[iica[es  that the spectra] calibration of the field instrument

is poor at longer wavelengths around the position of tbe scconcl quartz doublet.

VII. IMlmplc Spcct 1’0

The spcct rum of pure quartz usd to illustrate the reduction of data acquired from p m]~<

provides an indication of the potential of the instrument, 1 lowever,  in rca]ity most surface

exposures of minerals are not pure and any spectral features may be suppressed or complicated by
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factors such as soil development and vegetation. E;igures  8, 9 and 10 provide some spectra from

field measurements of natural surfidces in Death Valley, California, Mt l;ittc)n,  South Australia and

Iron Hill, Colorado respectively in 1994. Figure 11 illustrates vegetation spectra from all three

localities. All spectra were acquired under clear skies wit]) surface temptmtures  ranging from -

10° Cto 50°c.

The spectra for thenarclite  (Na~SOd), halite (NaCl), gypsum (CaSOd), ard basalt are shown in

Figure 8. l’henarctite  is characterized by a well developed doublet centcrd  on 8.5 pm. 13y contrast

gYPsllm ]Ias a single feattlre centered  on abotlt tllc sanle llavelengtll  as thenmdite.  If tireas of

thenardite  find gypsum  are imaged  by an instrument with a similar conf~guration to TIMS it is

possible to discriminate the areas of gypsum from the areilS of thenarditc. I lowever, the spectral

resolution of TIMS is insufficient to permit the identification of either gypsum or thermdite. This

is possible with the p H’]]< spectra. “1’he spectrum of halitt  is flat in the thermal infrared and its

common occurrence in playas make it a good calibration target, although it can show spectral

features if it contains any fluid inclusions or other minerals suspended within it. The spectrum of

basalt, a ctark-colorecI extrusive igneous rock commonly composed of fcklspar and pyroxene

(Bates and Jackson, 1984), is characterized by a broad minimum cent erd around 9.3 pm and

referred to as the reststrahlen band, This band occLlrs at snort wavclen~?,ths (around 8.5 pm) for

rocks (iominatect  by framework silicates (e.g. qufirtz, feldspar) and progressively longer

wavelengths for silicnte rocks with more abundant sheet (c. g. mica), chain (e.g. pyroxene  and

amphibole) and isolated Siod tetrahcdra (Hunt, 1 980). ‘1’llese  spectra were acquired as part of a

st ucty of the use of remotely sensed ‘1’IMS data for mappil ig variations in the evaporitic  minerals in
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the iloor of Dcatb Valley  (Crowley and IIook, 994; Cro\vley  ml [look. 1995).

The spectra of granite, dolomite (C:l(h4g,Fe)(C0j)z,  trenx)lite  (C:lt(h~g,l:c)5  (OIl)l(SiJ011)z)  , talc

(h4g,(01-U2(Si,05),),  epiclote  (Ca,(Al,Fe),(OH) (SiO,), ml a matic dike are shown in Figure 9.

Granite, a plutonic  rock dominated by quartz and feldspw (Bates and Jackson, 1984), has a more

complicated mixed miners] spectrum (Figure ~). ‘Ile spectrum of dolomite has a distinctive

emission minimum around 11.1 pm. lhis minimum shifts to slightly lon:!er wavelengths if calcite

rather than clolomite is present (Salisbury  and IJ’Aria, 1992). The detection of this shift with

TIL4S remains ambiguous but any shift would clearly be apparent in p l:l’IR spectra provided the

instrument had good spectral calibration. Tremolite  is characterized by a fairly complex spectrum

but it would  still be possible to identify [be presence of dolomite in samples of tremolite  since

these minerals have diagnostic emission features in different parts of tbc thermal-infrared spectrum

. The spectrum of talc is characterized by an asymmetric cloub]et with tbe main feature centered

around 9 pm. Talc is mined at h40unt Fit ton and data froln the p FI’IR could be used to aid in the

exploration for similar deposits elsewhere. Talc is graded according to its purity with the presence

of silica reducing its value. Clearly, the pFTIR data could be used to evaluate the abundance of

both talc and quartz (silica), Epidote  displays a variety of feature in the thermal infrared whereas

the mafic dike is characterized by a single feature around 9.4 pm. The ma{lc dike has a basaltic

composition. These data were acquired as part of a joint study between the Commonwealth

Scientific Research Organization (CSIRO) and Jet Propulsion Laboratory to evaluate the

combined use of the CSIRO rapidly tuned profiling COZ laser with - 10() channels between 9 ancl

11 pm with the ‘1’IMS  (Cudahy  e{ a/. 1994).
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The spectra of granite, uncompahgrite,  biotite  (K?(Mg,Fe)l(OI l)z(AISiJ)lo),  ricbcckite  (Na2FeU~

l~elllz(Si~Ozz)  (O} I, F)l), ml carbona( ite are slm wn in Figuru 10. The spectrum of granite is a l~li~e~i

mineral spectrum and is included to demonstrate sonle of the diversity in the spectral signatures of

granites (see also Figure 9). I)ncompahgrite  k a sodium-rich rock but this particular sample was

dominated by calcite. The presence of calcite is indicated by a small feature around 11.2 pm, Note

the slightly longer wavelength of this feature than in the d{)lomitc  (Figure 9). Biotite  is

characterized by a broad emission minimum centered around 9.9 pm, “1’he spectrum of Riebeckite,

a sodium anlphibole  is fairly complex with mllltiple minim cl. The spectrum of carbomtite  is

characterized by a single sharp feature at 11.1 pm indicating tile carbonat  itc is dominated by

dolomite rather than calcite. These spectra were acquired m part of a study to use TJMS data to

map the geology and mineralization of the Iron Ilill, area (Watson  et al. 1 995).

Figure 11 illustrates vegetation spectra from all three localities. At the spectral resolution and

sensitivity of this instrument the spectra m fairly flat. 1( sI1ou1(I be notd that reflectance

measurements of vegetation indicate it is a graybociy  with an emissivit y of 0.985 (Salisbury  and

D’Aria, 1992), however, with the data reduction method used here any graybody  spectrum will

have an emissivity  of 1.0. In the case of the Mount Fitton and Death Valley vegetation spectra,

noise in the spectrum in the blackbody  fit region results ii) the spectra having an emissivity  around

0.99. ‘rhc emissivity  of the Iron Hill vegetation s])cctrum  is very near to 1 .[) (iue to the spectrum

being noise free and the fact that the data reduction method causes al] spectra ti~at  are graybodies

to have emissivities  equal to 1.0.



VIII. Summary and Conclusions

in order to validate the conclusions drawn from airborne mi spaceborne remotely sensed

multispectral  tllerlllal-iilfl.:lred  data, it is necessary to make similar measurements on the surface.

The p IWIR instrument has been developed by Designs  and Prototypes based on specifications

provided by the Jet Propulsion Laboratory and Dr. J. W. Salisbury, in order to mke these

measurements.

Although it is nc)w operotiona],  there are still sewml aspects of the il~strument  that need to be

improved. These include internal raciiometric calibration, improved spectral calibration and tile  use

of a Sterling Cycle cooler insted  of liquid nitrogen. The dvmtage  of internal calibration is that

cooling and heating of a partial-aperture internal blackbody  would be much faster. ?Ilis would

reduce tlw time it takes  to produce a set of calibmted  meimurements since currently it takes

several minutes for the blackbody  to hetit or COCJI to tile appropriate temperature for calibration.

1’Iw spectra] calibration SI1OUICI be improved sucti  that the error is be[tcr than f 1 wn across the 7-

14 pm region. The primry advontflge of a Sterling Cycle  cooler is that it would be battery

powered, and it is often difficult to obtain liquid nitrogen in remote regions.

In summary the p lITIR provides the first lightweight, calibrated, robust, high-reso]ut  ion field

instrument for validating multispectrol  tllerlll:ll-illfrared data.
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Diffcrentia]  temperature r:mge

Abso]ute tempcmture range

Set point resolution

Temperature display resolution

Stability

Differential temperature accumcy

Absolute temperature occuracy

Emissivity

Sllrface area

h4aximum area of flperture

Power requirements —.—.

.-— ———.-— . .—— ——. .-—.

-40 “c (o +40 “c—-. — ——.. . —..
-15°c to +65°c——. ——— . .—. -

0.01 ‘C—. — — .  ._—

0.01 ‘C_-— ——— .-. —..

t O.ol”c— . .  ——.
*().()3 “c to *1O ‘c

fo.~~0  e]sew]l~re
—— —— . ----
* 0.05 “c

3ocm x 30C111

24cm x 24cm—.— ———. —...

100/1 1 5/200/230 VAC, 50-400 Hz—--— ‘ —  — . . .  .—.—. —.—.. .—. -

Toble 1. Specifications for the EOI Bk~ckbody  Radiotion Source Model B]812D-2 and EOI

Temperature Controller h40del B2450E.
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______ ____

Illackbdy  (r;]]) Pair

‘-”-”-T_G;’L”F
Actuol

(“C) temperature (“C) I Temperature (“C)
—

~ :~~;~

—-——. —...——
30.0

cold BLI = 30.1

IIot 1313 = 40.0 — . . .

0.62

cold 1313  = 49.7 55,0 54.49 I 0.51

IIot BR = 59.6 60.0
l--

59.23 0,77
———. —-— _ c— .-- —-——... —

Table 2. Recovered temperatures from the EOI bl:lckbody  using three }11’”1’11< blackbocly  pairs

(30,40”C), (40,50”C) [m! (50,60’’C),
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.—-. ———. — .—..

Rat ure h4icrome[ers
_.—-–~;~i)~i)

Wavenumber Error (pm)

A

13

c

F

G

h40(iel

8.921

8.514

8.425

8.347

8.251

11 8.163

p FI’I R G3zz~l . . . . . . ..__L_____

:_

—_ . . . .

8.918 1120.95 1121.33 -0,38 0.003—-— ——— . . . .
g,79~ 1136.49 1136.88 -0.39 0.003

.— —-—. ——— . . . . .

8.515 1174.54 1174.’1 0.14 -0.001—. —. .—.

8.426 1186.94 1186. s 0.14 -0.001—-— —. .. —.-

8.338 1198.04 1199.33 -],~9 0.009—-— —...—-

8.252 1211.97 ]2] ].g3 0.15 -0.001
—  —.— —.-. — .

8.2]() ]Q19.07 1218.03 1.04 -0.007
—-— ——  .-.

8.168 1225.04 1224.29 ().75 -0.005__. —-. — — _. .. —..-—.—. -. —..

Tab]e 3. Position of water vapor  lines shown in Iigure  5 (A-G) in wavenumher  and micrometers

for a model sky spectrum and a sky spectrum measured ivith the p 1“1’11<.  Also shown is the

difference between the mode] and measured value for each water vapor feature in wavenumbers

and micrometers.
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1.ist of L’igures

Figure 1. Photograph of the Jet Propulsion Laboratory pIT1’IR in Deoth Valley, CA during the

1994 Field Campaign. The gray box on top of the tripod is the optical head and the

briefcase which includes the computer the system [Init.

Figure 2. Raw output  numbers for the cold and hot blacktloclies  and a sample of quartz.

Figure 3. Calibrated quartz spectrum shown in Figure 2.

Figure 4. Error in recovered temperature d instrument temperature versus elapsed time..

Figure 5. h40del spectra for a clear sky calculated at resolutions of 2 aid  4 wavenumbers  (upper

curves) and a sky spectrum acquired by the p 13TIR (lo wtx- curve). 1.etters A-F identify

peaks whose wavelength and wavenumber  are givt:n in Table 2.

Figure 6. Apparent emissivity  for a sample of quartz. The apptirent elniwivity  is the ratio of the

measured radiance to the radiance of a blackbody  at the same temperature as the measured

radiance. l’he blackbody  (elnperature  is obtained by assuming the emissivity  is eclua] to 1,0

in some wavelength range in the measured tempemture  spectrum, then inverting Planck’s

equation at that wavelength to obtain the temperature. In this s~mctrum the emissivit y was

assumed equal to 1.0 in the wavelength range 7.7 to 7.8 pm,
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Figure  7. Labomtory reflectance spectrum of the quartz s:~mplc  ineosure(i  with a Nicolet

Spectrometer. ~“he laboratory spectrum has been [’otlvcrtd  to clnissivity using Kirchhoff’s

Law (1 -c = R). Emissivit y spectrum of the quartz. sample mcasuml with the p F-HI{,

including compensation for non-unity reflectance of gold (corrected gold). The

temperature of tbe Stilllp]e  was obtained using the lllethOd  olltlind  with Figure 6 and

calibrated dato processed using equation (7). hTotr the absence of :ltmospheric  lines

within- ad t]leirlcre:lsed ciept]l  of- tlleclllal”tz  dotlblet  Compat”ed  to Figure6.  ~nlissivity

spectrum described above without the correct ion for the non- unit y in reflectance of the

gold Stmlml.

Figure 8. E;xample spectra of tl~enmlitc  (l’), halite (}1), gypsum (G) and basalt (B) measured in

Death Valley, CA in 1994. Spectra are offset for clarity.

Figure 9, Example spectra of .ymite  (G), dolomite (D), tremolitic dc)lomi(e  (Tr), talc (Ta),

epidote  (}3) and a mafic dike (h4D) meosurecl  at Mount  Fittoll, Australia in 1994.

Figure 10. Exmp]e spectra of granite (G), tlllcol~ll):lllgritc:  (U), biotite (11), riebeckite  (R) awl

carbonatite  (C ) measured at iron IIill,  C(3 in 1991.

Figure 11. Vegetation spectra from the previous three localities: Deatl)  Valley, CA (DV), h4t

F’itton (MI;) Australia and iron I Iill, CC) (111) measured in 1994.
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